Introduction {#tca12837-sec-0001}
============

Lung cancer has the highest morbidity and mortality of all malignancies in China and continues to increase with the aging of the population. The average annual survival rate of lung cancer is only approximately 12%, but the five‐year survival rate can reach 70% after surgery for stage I lung cancer.[1](#tca12837-bib-0001){ref-type="ref"} Some of the important factors affecting lung cancer survival are non‐specific clinical symptoms and signs in the early stage, and the lack of a high positive rate of screening (e.g. chest X‐ray, sputum cytology, tumor marker, and low dose spiral computed tomography \[CT\]), in high‐risk populations. Effective screening and early detection has the potential to reduce lung cancer mortality.

Raman spectroscopy is a molecular scattering spectrum and an effective method to study the molecular structure of substances. Raman transitions are typically extremely weak, making their application limited. Surface‐enhanced Raman spectroscopy (SERS) was developed in the 1970s and is a surface‐sensitive technique that enhances Raman scattering by molecules adsorbed on rough metal surfaces or by nanostructures. The enhancement factor can be as high as 10^6^\~10^15^, indicating that the technique may detect single molecules.[2](#tca12837-bib-0002){ref-type="ref"} The key to SERS research is the preparation of a stable, highly sensitive SERS active substrate with good reproducibility, thus the substrates can realize trace analysis. Experiments have shown that the detection sensitivity of Raman spectroscopy increases with a decrease in the dimension of the particles on a sensing substrate surface. The sensitivity is significantly enhanced when the dimension of the particles on the substrate surface is \< 100 nm. In recent years, the development of nanotechnology has given new life to SERS. SERS has shown great potential, not only in the field of material molecular structure investigation, but also trace chemical detection. In recent years, SERS has been used on the serum and saliva of breast, cervical, and nasopharyngeal cancer and positive results have been obtained.[3](#tca12837-bib-0003){ref-type="ref"}, [4](#tca12837-bib-0004){ref-type="ref"}, [5](#tca12837-bib-0005){ref-type="ref"} An important advantage of SERS detection technology is that testing of body fluid samples, such as serum, saliva, and urine, is noninvasive and fast.

Human saliva contains abundant proteins and metabolites. Many diseases can be diagnosed by an analysis of saliva.[6](#tca12837-bib-0006){ref-type="ref"} There are many advantages of using saliva for analysis, for instance, sample collection is easy and noninvasive, and the entire process of sample collection can be more conveniently monitored, compared to urine sample collection. As a newly available method, the saliva test will become an effective supplement, or perhaps even a replacement of other test methods, such as blood or urine tests.[7](#tca12837-bib-0007){ref-type="ref"}

In this study, the saliva samples of 61 lung cancer patients were tested by a portable SERS system and comparison analysis was performed against the saliva samples of 66 healthy controls. The saliva was analyzed with a nano‐modified chip. Statistical analysis was performed using support vector machine (SVM) and random forest algorithms. The leave‐one‐out algorithm was used based on SVM results to analyze differences in saliva between lung cancer patients and controls.

Methods {#tca12837-sec-0002}
=======

Surface‐enhanced Raman spectroscopy {#tca12837-sec-0003}
-----------------------------------

American OptoTrace Technologies, Inc. (Silicon Valley, CA, USA) provided the Raman spectrometer (RamTracerTM‐200 Raman Spectrometer) and nano‐modified chips. The gold nano‐modified chip is a patented product of OptoTrace Technologies. The main technical specifications of the RamTracer are: 0--300 mW, 785 nm, and frequency stabilized Laser; 2048 pixel CCD; spectral resolution\< 6 cm^−1^; and spectral range: 250--2400 cm^−1^. It is portable equipment, with no special requirements for the test environment. This advantage made it possible to apply the SERS test system on wide‐band screening for the early detection of lung cancer. The Raman spectrometer and nano‐modified chip are shown in Figures [1](#tca12837-fig-0001){ref-type="fig"} and [2](#tca12837-fig-0002){ref-type="fig"}.

![The RamTracer‐200 raman spectrometer.](TCA-9-1556-g002){#tca12837-fig-0001}

![The surface micromorphology of the testing nano‐modified chip.](TCA-9-1556-g003){#tca12837-fig-0002}

Sample collection and preparation {#tca12837-sec-0004}
---------------------------------

The saliva samples of 61 lung cancer patients who had not previously undergone treatment were collected at the Department of Thoracic Surgery, Xuanwu Hospital. The lung cancer patient sample included 37 men and 24 women at an average age of 64.98 years (range: 28--83). Eleven patients were at early stage and the remaining 50 were at late or uncertain stages. The 66 healthy control saliva samples were obtained from the students and teachers at China Capital University of Medical Science, who underwent health examinations before the experiments. All samples were collected using the following process: the mouth was rinsed with water 10 minutes before saliva collection, and then 1--1.5 mL of saliva was collected in a clean container. Saliva samples were centrifuged at 14 000 rpm for approximately 10 minutes. Only 1 μL of the centrifuged sample was transferred to the surface of a nano‐modified chip using a micropipette, one a time. A Raman test can be performed once the saliva sample has dried (3 minutes, above 20°C) (Fig [3](#tca12837-fig-0003){ref-type="fig"}). Each sample was analyzed using automatic mapping that scanned a sample area of about 750 × 750 μm and measured Raman spectra from three to six random points within the area, with five second accumulations at each point.

![A saliva drop on the chip.](TCA-9-1556-g004){#tca12837-fig-0003}

Testing progress {#tca12837-sec-0005}
----------------

The laser output power of the RamTracer‐200 Raman spectrometer was set to 100--200 mW. The signal to noise ratio is generally proportional to the power of the laser: the higher the power, the better the signal to noise ratio. The sample may be damaged if the power is too high. SERS scattering of the sample was performed using the RamTracer‐200 and the Raman spectrum related to the sample molecular structure was obtained. An almost straight zero baseline can be obtained using a manual point‐by‐point method of calibration (Raman Analyzer V4.5.0; American OptoTrace Technologies Inc.).

Statistic analysis {#tca12837-sec-0006}
------------------

In order to discriminate and assign unknown lung cancers from saliva samples, a classification model was developed using supervised statistical methods. The SERS data are the high dimensional data of small samples and multiple indicators; therefore, the SVM and random forest algorithms are suitable to analyze such data. R software (a language and software platform for statistical computing and graphics; R Foundation for Statistical Computing, Vienna, Austria) was used to calculate the SVM algorithms. Cross validation testing was performed using the leave‐one‐out algorithm based on the SVM results to analyze the differences in saliva between the lung cancer patients and healthy controls.

Results {#tca12837-sec-0007}
=======

Statistical classification results {#tca12837-sec-0008}
----------------------------------

All 127 saliva samples were used in both training and test sets and then SVM was calculated. The classification results are shown in Table [1](#tca12837-tbl-0001){ref-type="table"}. The sensitivity and specificity were both 100%.

###### 

SVM classification results

  Saliva Sample   SERS Prediction        
  --------------- ----------------- ---- ----
  Lung Cancer     61                61   0
  Normal          66                0    66

SERS, surface‐enhanced Raman spectroscopy; SVM, support vector machine.

A leave‐one‐out algorithm was then calculated. One sample was used for the test set and the remainder for the training set. The results are shown in Table [2](#tca12837-tbl-0002){ref-type="table"}. The sensitivity and specificity were 95.08% and 100%, respectively.

###### 

Results of leave‐one‐out algorithm based on the SVM method

  ------------------------------------------
  Saliva Sample   SERS Prediction        
  --------------- ----------------- ---- ---
  Lung Cancer\    61                58   3
  Normal                                 

  66              0                 66   
  ------------------------------------------

SERS, surface‐enhanced Raman spectroscopy; SVM, support vector machine.

All 127 saliva samples were used as training and test sets and the random forest algorithm was calculated. The classification results are shown in Table [3](#tca12837-tbl-0003){ref-type="table"}. The sensitivity was 96.72% and specificity was 100%.

###### 

Random forest classification results

  ------------------------------------------
  Saliva Sample   SERS prediction        
  --------------- ----------------- ---- ---
  Lung Cancer\    61                59   2
  Normal                                 

  66              0                 66   
  ------------------------------------------

SERS, surface‐enhanced Raman spectroscopy.

Raman spectrum analysis {#tca12837-sec-0009}
-----------------------

In order to determine the characteristic peaks in the lung cancer patients' saliva, all 127 Raman spectra were further analyzed. Each spectrum of the 127 SERS was calibrated and energy‐sensitivity corrected, and then the spectral data were compiled into datasets. Figure [4](#tca12837-fig-0004){ref-type="fig"} compares the average Raman spectrum of the saliva between the lung cancer patients and healthy controls. The horizontal axis is the Raman shift in cm^−1^ units, while the vertical axis is the intensity of Raman scattering. The Raman peaks in Figure [4](#tca12837-fig-0004){ref-type="fig"} represent the characteristics of the molecular structure of the sample being tested. The chemical contents of the sample can be obtained by analyzing the peak position and the relative peak intensity. In medical research, comparison of the Raman spectra of samples from patients with certain diseases with those from healthy controls may reveal a distinctive Raman peak(s). This distinctive Raman peak can be considered a specific metabolic substance related to a disease and thus can be used to assist diagnosis.

![The average Raman spectra of the saliva of lung cancer patients and healthy controls (![](TCA-9-1556-g001.jpg "image")), lung cancer; (![](TCA-9-1556-g005.jpg "image")), normal.](TCA-9-1556-g006){#tca12837-fig-0004}

As Figure [4](#tca12837-fig-0004){ref-type="fig"} shows, both the lung cancer and control Raman peaks appear in a range from 400 to 1800 cm^−1^. The origin software revealed 12 significant Raman characteristic peaks. The peak values of both lung cancer patients and controls were at a frequency shift of 1000 cm^−1^, followed by a frequency shift of 1600 cm^−1^. The spectral intensity of the saliva in controls was significantly higher than in lung cancer patients, at frequency shifts of 528 cm^−1^, 636 cm^−1^, 676 cm^−1^, 854 cm^−1^, 1000 cm^−1^, 1046 cm^−1^, 1263 cm^−1^, and 1604 cm^−1^. However, at frequency shifts of 423 cm^−1^ and 727 cm^−1^, the spectrum intensity of the saliva in the lung cancer patients was higher than in the controls. After review of the literature, we can infer that these peaks correspond to substances, as shown in Table [4](#tca12837-tbl-0004){ref-type="table"}. In general, the intensity of the spectral line in lung cancer patients was weaker than in the controls.

###### 

Tentative peak assignments for Raman saliva spectra

  Raman Shift/cm^−1^   ΔI%        Major assignments   
  -------------------- ---------- ------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  423 ± 2              425 ± 3    89.41               D‐glucose, deuterated glucose[8](#tca12837-bib-0008){ref-type="ref"}, [9](#tca12837-bib-0009){ref-type="ref"}
  643 ±3               650 ±2     −24.97              C‐H torsion, COO‐ wag; O‐C=O in plane deformation; C‐C‐C in phase deformation[10](#tca12837-bib-0010){ref-type="ref"}, [11](#tca12837-bib-0011){ref-type="ref"}
  672 ±2               672 ±1     −90.82              C--S stretch ofcysteine, cytosine/guanine
  732 ±3               726 ± 1    177.54              C--S (protein)/CH2 rocking/adenine[10](#tca12837-bib-0010){ref-type="ref"}, [11](#tca12837-bib-0011){ref-type="ref"}, [12](#tca12837-bib-0012){ref-type="ref"}, [13](#tca12837-bib-0013){ref-type="ref"}, [14](#tca12837-bib-0014){ref-type="ref"}
  852 ±1               854 ±1     −12.05              Ring breathing mode of tyrosine and C--C stretch of proline ring[10](#tca12837-bib-0010){ref-type="ref"}, [12](#tca12837-bib-0012){ref-type="ref"}, [15](#tca12837-bib-0015){ref-type="ref"}
  923 ±2               924 ± 3    −17.87              C--C stretch of proline ring/glucose/lactic acid[10](#tca12837-bib-0010){ref-type="ref"}
  999 ±2               1000 ±2    −48.84              Symmetric ring breathing mode of phenylalanine[10](#tca12837-bib-0010){ref-type="ref"}, [12](#tca12837-bib-0012){ref-type="ref"}, [14](#tca12837-bib-0014){ref-type="ref"}, [16](#tca12837-bib-0016){ref-type="ref"}
  1030 ± 3             1026 ±1    −60.93              Stretching vibration of the ring, deformation in plane C‐H[17](#tca12837-bib-0017){ref-type="ref"}
  1046 ± 4,            1050 ±2    −66.47              N‐ acetyl glucosamine, deuterated N‐acetyl glucosamine[8](#tca12837-bib-0008){ref-type="ref"}, [9](#tca12837-bib-0009){ref-type="ref"}, [10](#tca12837-bib-0010){ref-type="ref"}
  1268 ±2              1264 ± 3   −2.28               Amide III (C--N stretching mode of proteins, indicating mainly a‐helix conformation)[10](#tca12837-bib-0010){ref-type="ref"}, [12](#tca12837-bib-0012){ref-type="ref"}
  1449 ±2              1450 ±2    −20.78              Bending mode (C=C), phenylalanine, CH2 bending mode of proteins[10](#tca12837-bib-0010){ref-type="ref"}, [11](#tca12837-bib-0011){ref-type="ref"}, [12](#tca12837-bib-0012){ref-type="ref"}, [13](#tca12837-bib-0013){ref-type="ref"}, [17](#tca12837-bib-0017){ref-type="ref"}
  1600 ±2              1602 ±2    −57.10              C=C in‐plane bending mode of phenylalanine and tyrosine[17](#tca12837-bib-0017){ref-type="ref"}, [18](#tca12837-bib-0018){ref-type="ref"}

I~L~ is the average Raman spectrum of the lung cancer patients, while I~C~ is the healthy controls: $\mathit{\Delta I} = \frac{I_{L} - I_{C}}{I_{C}}$.

Discussion {#tca12837-sec-0010}
==========

Surface‐enhanced Raman spectroscopy is a surface‐sensitive technique that enhances Raman scattering by molecules adsorbed on nanostructures and has advantages of high detection sensibility and fast analysis. As such, it is a potentially promising tool for sensing metabolic cancer molecules in trace amounts. In recent years, improvements in chips via nanotechnology have greatly enhanced the application of SERS. Experiments have shown the possibility of using SERS of saliva as a method of lung cancer diagnosis.[19](#tca12837-bib-0019){ref-type="ref"}, [20](#tca12837-bib-0020){ref-type="ref"} In this study, significant differences were observed between the average Raman spectrum of controls and lung cancer patients. Twelve significant Raman characteristic peaks, ranging from 400 to 1800 cm^−1^ were detected. Because the spectral data were high dimensional and we had a small study sample, the traditional statistical methods could not provide adequate power for the classification samples, therefore SVM and random forest algorithms were calculated. Raman spectroscopy data of the saliva sample SVM classification results revealed high sensitivity and specificity of both lung cancer patients and healthy controls. These data demonstrate that SERS has the potential to detect lung cancer, but as we only had 11 patient samples in early stage, statistical analysis could not be performed to verify the value of the technique for the diagnosis of early‐stage lung cancer. In the future, the sample size included in the database will be expanded and more accurate mathematical models are being developed. SERS is expected to be a new method of fast, simple, and effective screening for early‐stage lung cancer.

Essential changes in the saliva SERS of lung cancer patients, including corresponding species, composition, and concentration, require further analysis of the SERS Raman peaks. The main reasons for differences in the Raman spectrum of body fluid are changes in protein residues and the content of nucleic acid molecules. Although we can obtain the ascription of Raman peaks of pure standard products with molecular structures from the literature, analysis of the corresponding substances of the spectral peaks of body fluid samples remains complex. The use of different substrates, laser frequency, detectors, temperatures, and sample solvents result in different consequences. The focus of our future research is to ascertain the material attribution of salivary peaks of the Raman spectrum in lung cancer patients in order to clarify the principle of this technology.
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